The present study investigates the natural convection induced by a temperature difference between a cold outer enclosure and a hot inner undulated cylinder. The governing equations in the partial differential equations have been solved numerically by Finite Element Method (FEM). It is found that the amplitude undulation had a great effect on the Nusselt number compared with a smooth cylinder case.
Introduction
Natural convection in porous annuli has a wide variety of technological applications involving thermal insulation, cryogenics, thermal energy storage, electronic packaging, flooding protection for buried pipes and underground cable systems, to mention just a few. One of the common shape of the annular configuration is between heated inner cylinder and cold square outer. [1] found that the convection heat transfer almost stagnant with changing the cylinder diameters. [2] considered rotating cylinder placed in the center of the differentially heated enclosure and concluded that the active cylinder was found to increase convection intensity.
Attachment of baffles, fins, or other suitable protrusions to the hot surface modified the convection intensity. The cylinder with surface roughness is discussed in this paper. The surface undulations by trigonometry functions has been analyzed by many authors for different configuration. [3] studied effect of surface undulations at the bottom wall and found the heat transfer is reduced by applying the undulated wall. [4] studied effect of surface undulations and a thermally stratified at the side wall. The amplitude and the number of undulations surface affected heat transfer characteristics was illustrated by [5] .
Mathematical Formulation and Solution
A schematic diagram of a square porous enclosure having an inner hot cylinder is shown in Fig. 1 . Top, bottom and side walls were kept at a cold temperature. The cylinder with radius r is located in the center of the enclosure. The undulation profile of cylinder follows the pattern:
where r in is the base circle radius, A is amplitude of undulation and ξ is the rotation angle. ξ 0 is the center of the cylinder and here ξ 0 is equal to (0, 0). Under the influence of the vertical gravitational field, the cylinder surface and walls at different levels of temperature lead to a natural convection problem. In the porous medium, Darcy's law is assumed to hold, the Oberbeck-Boussinesq approximation is used and the fluid and the porous matrix are in local thermal equilibrium. Based on these assumptions, the non-dimensional forms of the governing equation are: The dimensionless governing equations along with the boundary conditions are solved numerically by the finite element method built-in COMSOL Multiphysics. In this study, mesh generation the annulus is made by using triangles. The triangular mesh calibrates for fluid dynamics condition. Several grid sensitivity tests were conducted to determine the sufficiency of the mesh scheme and to ensure that the results are grid independent. We use a finer mesh sizes for all the computations done in this paper.
The physical quantity of interest in this problem is the heat transfer rate. The heat transfer rate distribution is obtained by applying Fourier's law at the cylinder wavy surface:
which becomes in terms of the dimensionless variables
where ξ is the angular location. The surface-averaged Nusselt number N u on the hot cylinder is evaluated as
3 Results and Discussion
The effects of Rayleigh numbers and amplitude of undulations on temperature distributions are depicted in Figure 2 . At small undulation surface (A = 0.05), the temperature distributions tend to appear with circular-parallel shape due to the generating force by convection intensity is weak. By increasing Rayleigh number (Ra = 250), the isotherms starts bending. Later, at higher Rayleigh number value, the isotherms pattern change to the mushroom shape and the flow hardly clashed adjacent to the top enclosure. Similar behaviors also occurs at A = 0.1. Increasing A to 0.2 leads to increase the intensity of the isotherms at the top segment of the enclosure affected by the inner boundary changing. The change of amplitude undulation does not provide any significant visual alteration of isotherm patterns for relative low and moderate Rayleigh number. But as we know, with the increase of amplitude, the heated surface area also increases and it rises temperature at the upper segment. For higher Rayleigh number, the isotherms pattern tend to takes almost 'π' shape, due to the strong heat transfer enhancement, as seen in the right part of Fig. 2(c) . Strong amplitude of undulations value (A = 0.3) was observed in Figure 2 (d). The 'π' shape was replaced by the mushroom shape at the highest cylinder undulation for Ra = 1000. Figure 3 shows normalized surface-averaged Nusselt number against Rayleigh number for different amplitude undulation at N = 4. The convection heat transfer suppression appears significantly with high Rayleigh number values (Ra > 50) and later it slightly enhance about Ra > 500. The Nusselt number decreases by increasing the amplitude of undulation for the considered Rayleigh number. This figure reveals that the amplitude undulation has a great effect on the Nusselt number compared with a smooth cylinder case.
Conclusions
In the present numerical simulation we studied the natural convection induced by a temperature difference between a cold outer enclosure and a hot inner undulated cylinder. The partial differential equations are solved numerically using the built-in finite element method of COMSOL. We conclude that the change of amplitude undulation does not provide any significant visual alteration of isotherm patterns for relative low and moderate Rayleigh number. The amplitude undulation had a great effect on the Nusselt number compared with a smooth cylinder case.
